The envelope glycoproteins of human T-cell leukemia virus type 1 (HTLV-1) perform functions that are crucial for virus entry into cells. The surface glycoprotein (SU) is responsible for viral recognition of, and binding to, target cells through its interaction with an unknown cell surface receptor. To facilitate molecular analysis of the receptor-binding properties of SU and to characterize the cellular receptor employed by HTLV-1, we have expressed a recombinant SU fused to the Fc domain of human immunoglobulin G. Here, we demonstrate that this novel SU-immunoadhesin retains both the biochemical properties of Fc and the receptorbinding specificity of the HTLV-1 SU. We use this SU-immunoadhesin to demonstrate, by direct cell surface binding assays, that the receptor used by HTLV-1 has been conserved through vertebrate evolution. Moreover, using murine-human somatic cell hybrids we provide data that do not support the previously assigned location for the HTLV-1 receptor on human chromosome 17. Most importantly, we show that many cell lines that are resistant to HTLV-1 envelope-mediated infection and syncytium formation express functional receptors that are recognized by the HTLV-1 SU. Based on our results, we suggest that for some HTLV-1-resistant cell lines the block to viral entry occurs at a late post-receptor-binding step of the entry process. Our findings will be of value in developing new strategies to identify the cellular receptor used by HTLV-1.
Human T-cell leukemia virus (HTLV-1) is the etiologic agent of a rare but aggressive adult T-cell leukemia-lymphoma and a progressive demyelinating disease known as HTLV-1-associated myelopathy or tropical spastic paraparesis. HTLV-1 is endemic in Southern Japan, West Africa, Central and South America, and the Caribbean basin. Although uncommon in Europeans, HTLV-1 infections have been reported among indigenous and immigrant European populations and are prevalent among intravenous-drug users both in Europe and in the United States (reviewed in references 1, 4, 21, and 48).
HTLV-1 primarily infects and immortalizes human CD4
ϩ T cells in vivo, but in in vitro coculture systems HTLV-1 infection, viral replication, and virally induced syncytium formation can be supported by a variety of primate and nonprimate cell types (1, 4, 30, 45, 46, 49) .
The promiscuous pattern of tropism observed for HTLV-1 in vitro has generated considerable interest in the molecular events that promote viral entry into cells, and a number of informative studies have highlighted the crucial role played by the viral envelope glycoproteins in the entry process (31) (32) (33) (34) (35) (36) 44) . The envelope is expressed as a 68-kDa precursor that is posttranslationally cleaved by a cellular protease to yield the 46-kDa surface glycoprotein (gp46, SU) and a 21-kDa transmembrane glycoprotein (gp21, TM) (4, 8, 31, 36) . The gp46 surface glycoprotein remains associated with the transmembrane glycoprotein by noncovalent interactions following precursor cleavage, and this envelope complex is retained on the surfaces of virions or infected cells by the membrane-spanning region of TM. Accumulating evidence suggests that these HTLV-1 gene products function in a manner that is analogous to that of other retroviral SU and TM subunits (40, 42, 45) . Consequently, it is thought that SU and TM carry out distinct but interdependent functions in the process of viral infection. The specificity for recognition of cells is attributed to SU, which binds to an as yet unidentified cell surface receptor (45, 46, 49) , while TM is directly responsible for membrane fusion (25, 35, 36, 42) . Models for envelope function suggest that receptor engagement by SU induces changes in envelope conformation that expose the N-terminal hydrophobic fusion domain of TM. Subsequently, the TM fusion domain inserts into the target cell membrane and catalyzes fusion of the viral and cellular membranes by a process that is only beginning to be understood (25, 42) . Envelope-mediated membrane fusion may also occur between envelope-expressing HTLV-1-infected cells and adjacent uninfected cells bearing the cellular receptor recognized by HTLV-1. Such cell-to-cell fusion results in considerable cytopathic effect and the production of giant multinucleate cells or syncytia.
Syncytium formation and viral pseudotyping assays have been extensively used to study the cellular and molecular determinants that facilitate membrane fusion (7, 8, 19, (30) (31) (32) (33) (34) 49) , cell-to-cell viral transfer (9, 10) , and the host-encoded factors that inhibit viral entry into cells (11, 20, 38, 47) . These studies reveal that cell-to-cell viral transfer is the principal route of transmission to target cells, as cell-free viral particles are poorly infectious (1, 4, 45) . To date, a plethora of cell surface antigens have been implicated in the cell-to-cell transfer of HTLV-1; these include Hsc-70 (39) , the tetraspan protein C33 (22) , a 30-to 31-kDa surface antigen (16) , and vas-cular-cell adhesion molecule 1 (19) . Clearly, some of these molecules serve a supportive role in fusion, perhaps functioning as coreceptors or facilitating cell-to-cell contact. However, unequivocal evidence for a functional role as a primary receptor for HTLV-1 is lacking for these candidate antigens, and none of the factors so far described exhibits all of the characteristics predicted for a primary HTLV-1 receptor (reviewed in reference 45 ). Nevertheless, current evidence suggests that many cell types express receptors recognized by HTLV-1. In fact, remarkably few cell lines are resistant to envelope-induced syncytium formation or infection by viral particles pseudotyped with HTLV-1 envelope. Among these, murine cells do not readily form syncytia or permit envelope-mediated viral entry (17, 43) . Consequently, murine-human somatic-cell hybrids have been used to map a gene encoding a putative cellular receptor for HTLV-1 to human chromosome 17 (17, 43) . However, these mapping data have been questioned (46) . To investigate these issues, we have generated a functional recombinant HTLV-1 SU for characterization of the HTLV-1 receptor.
Previously, Drosophila melanogaster cells have been used to express a variety of lentiviral surface glycoproteins (2, 3, 23) , and it was found that in each case the recombinant envelope protein retained receptor-binding activity and that the affinity of these receptor-ligand interactions correlate with the biological properties of the viral isolates from which they were derived (2, 23) . Moreover, the recombinant envelope proteins produced in this insect system faithfully recapitulate the immunological, biochemical, and receptor-binding properties of the native virally expressed envelope glycoprotein or envelope glycoproteins expressed in heterologous mammalian expression systems (2, 23) . We have now used this system to express a recombinant epitope-tagged form of the HTLV-1 SU that retains the receptor binding properties of the native viral protein while providing a well-defined antigenic epitope for which immunological reagents are widely available.
Immunoadhesins represent fusions between a protein of interest and the Fc region of an immunoglobulin (Ig). Such chimeric proteins are ideal tools for studying receptor-ligand interactions, identifying unknown binding partners, and dissecting the molecular interactions that govern biological processes. In this study, we have expressed the HTLV-1 SU as a fusion to the Fc region of human IgG. We demonstrate that this hybrid molecule faithfully recapitulates both the known and the predicted biochemical properties of SU and the human IgG Fc domain. Using this SU-immunoadhesin we now directly demonstrate, by cell surface-binding assays, that the primary receptor for HTLV-1 is expressed on a variety of cell lines derived from both mammalian and nonmammalian vertebrates. Most importantly, we also demonstrate that many cell types, previously thought to be receptor negative, do in fact express functional receptors recognized by the SU of HTLV-1. Finally, using murine-human somatic-cell hybrids we reexamine the suggestion that the primary receptor for HTLV-1 maps to human chromosome 17.
MATERIALS AND METHODS
Cell culture and transformation. D. melanogaster Schnieder 2 cells were maintained in Shields and Sang M3 medium supplemented with 10% fetal bovine serum (Gibco-BRL) (24) . Cotransfection of cells with plasmid DNA and the selection vector pCOhygro and subsequent isolation of stable cell lines by the hygromycin B selection procedure have been described previously (3, 24) . Each transfection cocktail contained 19 g of envelope expression vector and 1 g of pCOhygro. Addition of 500 M CuSO 4 to the medium and incubation of the cultures for 4 to 7 days were used to induce expression from the metallothionein promoter in cell cultures that had reached a cell density of 4 ϫ 10 6 to 6 ϫ 10 6 cells/ml. The results presented were confirmed with multiple independent stable cell lines. Mammalian cells were cultured in Dulbecco's minimal essential medium (DMEM) or RPMI 1640-10% fetal bovine serum at 37°C and 5% CO 2 . Cell lines and their sources were as follows: SupT1, 293T, MolT4, and MT-2 cells were obtained from the National Institutes of Health, AIDS Research and Reference Reagent Program; Cos-1, NSO1, LM(TK Ϫ ), XC, Madin-Darby bovine kidney (MDBK), and Madin-Darby canine kidney (MDCK) cells were from the European Culture Collection (ECACC); HeLa, Jurkat, and S2 cells were from SmithKline Beecham Pharmaceuticals; NIH 3T3, SV3T3, and MCF7 cells were from the Imperial Cancer Research Fund Culture Collection; GM00346, GM10321, GM10498, GM10502, and GM11941 cells were from the Corriel Cell Repository; and XTC and HuH7 cells were gifts from Brian McStay (University of Dundee) and Richard Elliot (University of Glasgow), respectively.
Construction of plasmids. Envelope expression plasmids were constructed by standard techniques (37) and consist of a pBR322-based vector carrying the Drosophila metallothionein promoter (P Mtn ) and the simian virus 40 (SV40) early polyadenylation signal to regulate expression of the HTLV-1 envelopecoding region. Plasmid pMtgp46-Fc was constructed by replacing the human immunodeficiency virus type 1 (HIV-1) gp120 envelope sequences in the vector pMT120⌬32 (2, 3) with a PCR-amplified DNA fragment encoding the gp46 SU open reading frame and a DNA fragment encoding the human IgG Fc region. The pMtgp46-Fc vector encodes the gp46 HTLV-1 SU starting at amino acid 5 (Ser) of mature gp46 (nucleotides 5274 to 6126, which include the sequence with accession number J02029 [41] ), fused in frame at the carboxyl terminus to the hinge and Fc regions of human IgG. At the amino terminus, the envelope sequences are fused in frame to the 36-amino-acid signal sequence from human tissue plasminogen activator (tPA). In this type of fusion the tPA signal sequence is removed from the chimeric protein upon secretion and is predicted to yield a mature soluble SU-Fc fusion protein encoding four amino acids from tPA at the amino-terminal end. To ensure the fidelity of PCR-generated fragments and other recombinant sequences, all plasmids were sequenced by the dideoxynucleotide chain termination method using Sequenase version 2.0 (U.S. Biochemicals) or by automated sequencing on an ABI Prism 377 automated DNA sequencer (Perkin-Elmer).
Protein analysis and Western blotting. Proteins were resolved on sodium dodecyl sulfate (SDS)-10 or 12% polyacrylamide gels and electrophoretically transferred overnight at 150 mA to nitrocellulose membranes (Schleicher & Schuell) as described previously (2, 14, 18) . Nitrocellulose membranes were blocked (3, 14) , and bound proteins were probed using the rabbit polyclonal anti-envelope antiserum 4077 or anti-human Fc sera at 1:6,000 dilutions and detected by an enhanced-chemiluminescence procedure employing horseradish peroxidase-conjugated secondary antibodies as directed by the manufacturer (Amersham).
Purification of SU-Fc. Drosophila tissue culture cell-free medium supernatants (400 to 800 ml), harvested from cell lines expressing SU-Fc, were filtered through a 0.22-m-pore-size filter and applied at 3 ml/min to a concanavalin A affinity column (5-ml bed volume) previously equilibrated in running buffer (50 mM Tris [pH 7.5], 400 mM NaCl, 1 mM CaCl 2 ). Following application of the sample, the column was washed with 10 column volumes of running buffer and bound protein was specifically eluted with 3 column volumes of elution buffer (0.1 M Tris, 250 mM methyl ␣-D-mannopyranoside, 0.5 M NaCl, pH 7.5) at 1.2 ml/min. SU-Fc was also purified by affinity chromatography using protein A-agarose (Sigma). Drosophila cell-free culture medium supernatants or concanavalin A-purified fractions were applied to a 1-ml protein A-agarose column preequilibrated in wash buffer (50 mM Tris-HCl [pH 7.8], 140 mM NaCl). The column was washed with 10 column volumes of wash buffer, and bound protein was eluted with 3 column volumes of 0.2 M glycine HCl (pH 2.7). Samples were immediately neutralized with 1 M Tris-HCl (pH 7.8). Eluted protein was concentrated using a Vivaspin 6 (Sartorius) microconcentrator (10,000-molecular-weight cutoff), and the buffer was exchanged for storage buffer (0.1 M Tris [pH 7.5], 140 mM NaCl, 20% glycerol) as directed by the manufacturer. Total protein concentration was determined using the Bio-Rad protein assay, and SU-Fc concentrations were determined by comparative Western blotting and densitometry against a known standard. Purified SU-Fc samples were snap-frozen on dry ice and ethanol and stored in small aliquots at Ϫ80°C until required.
Flow cytometry. Target cells (2.5 ϫ 10 5 ) were incubated with fractions containing SU-Fc or control fractions lacking SU-Fc in RPMI 1640 medium supplemented with 10% fetal bovine serum in a total volume of 1 ml. Samples were incubated at room temperature on a rotary mixer for 1 h. The cells were pelleted (1,500 rpm for 5 min in an Eppendorf C5415C microcentrifuge), washed, and incubated with fluorescein isothiocyanate (FITC)-conjugated anti-human-Fc antiserum in RPMI medium at room temperature for 30 min in the dark. The cells were washed in phosphate-buffered saline (PBS)-0.1% sodium azide, fixed (0.5% paraformaldehyde in PBS, pH 7.4), and kept in the dark at 4°C until subjected to flow cytometry using FACScan (Becton Dickinson).
For competition binding experiments, 500 ml of conditioned cell-free medium supernatant from HTLV-1 infected MT-2 cells was concentrated 30-fold using Vivaspin 20 30,000-molecular-weight-cutoff concentrators. The concentrated supernatants contained 0.4 g of Vgp46 per ml as determined by comparative analysis against a known standard. As a control, 3 ml of the concentrated MT-2 medium supernatant was immunodepleted of gp46 by affinity chromatography against rabbit anti-gp46 serum immobilized on a 1-ml protein A-Sepharose Fastflow column (Pharmacia). Control supernatant was also prepared from 150 ml of uninfected MolT4 cells. Target Jurkat cells were incubated for 30 min with control MolT4 supernatants lacking viral gp46, immunodepleted MT-2 supernatant, MT-2 supernatants containing viral gp46, or RPMI 1640 medium containing 1 g of recombinant HIV-1 JRFL gp120 per ml or 1 g of purified human IgG (Sigma) per ml prior to the addition of 0.5 g of SU-Fc. Cells were incubated with mixing at room temperature for 1 h, unbound SU-Fc was removed by a washing with fresh medium, and the bound SU-Fc was detected using FITCconjugated anti-Fc antibody and flow cytometry as described above.
Syncytium interference assay. Cos-1 cells (ECACC, CB2669) were transfected with pHTE-1 (12) using Fugene 6 as directed by the manufacturer (Boehringer Mannheim). The transfected cells were incubated for 18 h in a 37°C, 5% CO 2 incubator. The monolayers of pHTE-1-transfected donor Cos-1 cells and target HeLa cells were resuspended using PBS-2 mM EDTA, washed in PBS, and resuspended in Dulbecco's minimal essential medium, supplemented with 10% fetal bovine serum, at 1.5 ϫ 10 5 cells/ml. To examine syncytium interference by SU-Fc, HeLa target cells were incubated with partially purified SU-Fc fractions or control fractions lacking SU-Fc for 20 min at room temperature. One milliliter of donor Cos-1 pHTE-1 cells (1.5 ϫ 10 5 cells/ml) and the pretreated HeLa target cells were mixed and used to plate the wells of six-well dishes. The cells were incubated in a 37°C, 5% CO 2 incubator for 15 to 22 h. The cells were fixed (0.1 M phosphate buffer, pH 7.3, 2% formaldehyde, 0.2% glutaraldehyde, 5 mM EGTA) for 20 min and washed three times, each time for 10 min (PBS, 2 mM MgCl 2 ), and then the syncytia were counted by low-power (ϫ100 magnification) light microscopy using an Olympus LX50 microscope.
Pseudotyping assay. To generate HIV particles pseudotyped with HTLV-1 envelope protein (27) , we adapted the improved pseudotyping assay developed by Sutton and Littman (46) . Briefly, 293T cells were cotransfected with 10 g of pcREV (46) and 10 g of the envelope-defective luciferase-transducing HIV proviral clone pNL4-3.LUC.R Ϫ E Ϫ (6) in the presence or absence of 10 g of pHTLV-env-rre, using Fugene 6. Fifteen hours following transfection, 20 mM sodium butyrate was added. Forty-eight to 72 h later, the viral supernatatants were harvested by low-speed centrifugation (1,500 rpm in an MSE mistral 2000 centrifuge) and filtration through a 22-m-pore-size filter to remove cells. Additional control stocks of pseudotyped HIV-1 particles were generated using pVPack-VSV-G (Stratagene), encoding the vesicular stomatitis virus G glycoprotein (VSV-G), in place of pHTLV-env-rre. Target human HeLa cells were resuspended (PBS-2 mM EDTA), washed, and finally resuspended at 3 ϫ 10 5 cells/ml in medium containing 5 g of Polybrene per ml. Triplicate samples of HeLa target cells were incubated in the presence or absence of partially purified sRgp46-Fc or control proteins as indicated for 20 min at room temperature. One milliliter of HeLa cells and 1 ml of HTLV-1 envelope-pseudotyped viral stock (0.2 ml for VSV-G-pseudotyped viral stocks) were mixed, plated into the wells of a six-well dish, and incubated for 8 h at 37°C and 5% CO 2 . The medium was replaced and the cells were incubated for 24 h, whereupon the cells were harvested and luciferase assays were performed using the Luciferase Assay System (Promega) and a Turner Designs TD-20/20 luminometer as directed by the manufacturers.
RESULTS

Expression of an HTLV-1 SU-immunoadhesin in Drosophila cells.
To express an HTLV-1 SU-immunoadhesin in Drosophila cells, we constructed the vector pMtgp46-Fc (Fig. 1) . Plasmid Mtgp46-Fc carries the gp46 envelope coding sequence, starting at the coding sequence for amino acid 5 (Ser) of the mature SU, fused at the carboxyl terminus to the hinge and Fc FIG. 1. Constructs used to express SU-Fc. Shown is a simplified diagram of the HTLV-1 genome illustrating the major genes and highlighting the region used to generate the SU expression constructs. Plasmid pMtgp46-Fc, used to express the HTLV-1 SU-immunoadhesin, and the nucleotide coordinates of the env region used (nucleotide numbering follows that of Seiki et al. [41] ) are shown below. At the carboxyl terminus four amino acid codons (RSRR) of SU were replaced by the human IgG Fc domain-coding region. Transcription was driven by the inducible Drosophila metallothionein promoter (P Mtn ), and the transcripts were terminated by use of the SV40 early polyadenylation sequences. For expression and secretion of the recombinant SU-immunoadhesin, the signal sequence and first four amino acids of the mature SU-coding region were replaced with the 36-amino-acid signal sequence from the human tPA gene. Speckled rectangle, tPA sequences; open rectangle, env sequences; hatched rectangle, human IgG Fc sequences; thin line, vector sequences. The predicted structure of the mature protein products expressed are shown in one-letter amino acid code; three amino acids (GAR), derived from the tPA signal sequence, replace the first four amino acids of SU, and the SU sequences are fused at the carboxyl terminus to sequences derived from Fc.
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regions (CH2 and CH3 heavy-chain constant domains) of human IgG via a short spacer arm. In this fusion, the Fc domain replaces a four-amino-acid arginine-rich protease cleavage signal that is found at the carboxyl terminus of the SU (Fig. 1) , thereby preventing posttranslational proteolytic removal of SU from the Fc epitope tag. To facilitate secretion from Drosophila cells, the coding sequences of the chimeric protein were fused at the amino terminus to the secretion signal from the human tPA gene. Expression of this transcription unit is regulated by the inducible Drosophila metallothionein promoter and terminated by the SV40 polyadenylation signal (Fig. 1) . Drosophila melanogaster S2 cells were cotransfected with pMtgp46-Fc and the selection vector pCOhygro, and stable cell lines were obtained by hygromycin B selection. Following induction, Drosophila cells stably transfected with pMtgp46-Fc secreted a 68-kDa antigen that accumulated in the tissue culture medium. This 68-kDa antigen was reactive with the anti-HTLV-1 SU antiserum R4077, as demonstrated by Western blotting of cell-free tissue culture supernatants ( Fig. 2A) . Importantly, the 68-kDa antigen was also crossreactive with antibodies raised against the Fc region of human IgG (Fig. 2B ). Using these antibodies, antigens of similar electrophoretic mobility were not detected in the tissue culture supernatants from untransfected cells. The apparent molecular mass of the antigen detected by the anti-gp46 and anti-Fc sera was consistent with the predicted molecular mass of the SU-Fc fusion protein, allowing for glycosylation of the recombinant protein. Since the heavy chains of IgG normally exist as disulfide-linked dimers, we suspected that the SU-Fc fusion protein would also form dimers. We therefore compared the mobilities of the recombinant antigen under reducing (Fig. 2B ) and nonreducing SDS-polyacrylamide gel electrophoresis (PAGE) conditions by Western blot analysis using anti-Fc sera. Under nonreducing conditions (Fig. 2C) , the antigen detected by the anti-Fc sera exhibited a greatly reduced electrophoretic mobility (120 to 170 kDa) that was consistent with the formation of disulfide-linked dimers. The broad smearing of the antigen detected under nonreducing conditions (Fig. 2C ) is likely to be due to heterogeneity in the glycosylation pattern of the recombinant protein and to anomalous migration of partially denatured conformations of the fusion protein. Our Western blot analysis indicates that Drosophila cells stably transfected with pMtgp46-Fc efficiently express an HTLV-1 SU-Fc chimeric protein and suggests that this polypeptide is secreted into the culture medium as a disulfide-linked homodimeric fusion protein.
Characterization of the SU-Fc fusion protein. We wished to determine if the recombinant SU-Fc fusion protein retained the biochemical properties of both IgG-Fc and HTLV-1 SU. First, we determined if SU-Fc was glycosylated, as assessed by antigen capture on concanavalin A-Sepharose beads. We found that SU-Fc could be efficiently recovered from tissue culture supernatants by affinity capture on concanavalin ASepharose and that the bound fusion protein could be specifically eluted by 250 mM methyl ␣-D-mannopyranoside (Fig.  3A) , indicating that the SU-Fc was extensively glycosylated in Drosophila cells. Moreover, SU-Fc also bound to and was precipitated by protein A-Sepharose (Fig. 3B) , indicating that the Fc region of the fusion protein was correctly folded and appropriately presented for recognition by the IgG-binding Fc receptor, protein A (similar data were obtained for protein G; data not shown). In keeping with these observations, we also found that the SU-Fc chimera could be bound to an anti-IgG agarose affinity column and eluted under acid conditions (Fig.  3C ). Based on these results, the SU-Fc fusion protein was purified from cell-free and serum-free tissue culture supernatants (Fig. 3D ) in two standard chromatographic steps comprising concanavalin A-Sepharose followed by protein A-Sepharose affinity chromatography. The SU-Fc recovered by this procedure (Fig. 3D ) was approximately 90% pure and represented a recovery of approximately 60 to 65% as judged by SDS-PAGE and comparative Western blot analysis (data not shown).
SU-Fc binds to cells and inhibits syncytium formation. Having expressed and purified the epitope-tagged SU and demonstrated that the Fc domain was immunologically and biochemically functional, we wished to determine if the fusion protein retained the receptor-binding properties of the native virally expressed SU. However, because the primary receptor for HTLV-1 has not been identified, we were unable to examine direct binding of SU-Fc to the isolated receptor in vitro. Instead, we developed a flow cytometry-based assay to monitor direct binding of recombinant SU-Fc to receptor-positive HTLV-1-sensitive T cells. Since Jurkat T cells are permissive for HTLV-1 infection and express an endogenous receptor that is recognized by HTLV-1, we examined the ability of SU-Fc to bind to these cells. Jurkat cells were incubated with affinity-purified SU-Fc, after which the cells were washed, probed for bound SU-Fc using FITC-conjugated anti-human IgG serum, and detected by flow cytometry. The SU-Fc fusion protein bound efficiently to Jurkat cells, as shown by a higher mean fluorescence intensity of cells incubated with SU-Fc than that of cells incubated in the absence of SU-Fc (Fig. 4A) . Importantly, binding of SU-Fc to cells was both dose dependent and saturable (Fig. 4B) .
We predicted that a functional SU-immunoadhesin should be able to inhibit HTLV-1 envelope-mediated syncytium formation when added to the tissue culture medium of cocultured envelope-expressing cells and receptor-expressing target cells. This biological assay is an important test of the specificity of binding for recombinant HTLV-1 SUs. We therefore examined the ability of the SU-Fc fusion protein to prevent HTLV-1 envelope-mediated cell-to-cell fusion in syncytium interference assays. Receptor-positive HeLa cells treated with or without SU-Fc were cocultured with Cos-1 cells transfected with the HTLV-1 envelope expression vector HTE-1. After 24 h of coculture, the numbers of syncytia in cultures containing SU-Fc were scored and compared to those in control cultures lacking SU-Fc. As predicted, exogenous addition of SU-Fc potently blocked syncytium formation in a dose-dependent manner (Fig. 4C) , suggesting that the recombinant SU-Fc recognizes and competitively binds to a cell surface protein that is important for HTLV-1-induced cell-to-cell fusion.
Importantly, a variety of cell surface proteins support HTLV-1-induced cell-to-cell fusion but are not themselves primary receptors for HTLV-1 (7, 19, 20) . To exclude the possibility that SU-Fc merely blocked syncytium formation by interfering with these nonreceptor interactions, we examined the ability of SU-Fc to block infection of cells by free viral particles. To this end, we adapted the improved pseudotyping assay of Sutton and Littman (46) . The envelope-defective recombinant HIV-1 proviral clone pNL4-3.LUC.R Ϫ E Ϫ (6), which encodes luciferase in place of the viral nef gene, was transfected into 293T cells along with the HTLV-1 envelope expression vector pHTLV-env and the HIV Rev expression vector pRev. Cell-free supernatants containing HIV-1 virions pseudotyped with HTLV-1 envelope proteins were subsequently collected from the transfected 293T cell cultures and used to infect human HeLa cells. Infection of the HeLa cells was monitored by assaying cells for the transduced luciferase marker encoded by the recombinant HIV-1 provirus.
Following infection with HTLV-1 envelope-pseudotyped virions, HeLa cells expressed substantial levels of luciferase activity (Fig. 5A) . Significantly, pretreatment of the target cells with SU-Fc resulted in a dramatic drop in the level of luciferase detected (Fig. 5A) , indicating that the SU-Fc fusion protein is an effective competitive inhibitor of cell-free viral infection. In contrast, control proteins including recombinant gp120 or irrelevant pooled and purified human IgG did not inhibit entry of HTLV-1 envelope-pseudotyped virions. Moreover, SU-Fc did not block entry of HIV-1 particles pseudotyped with the VSV G-glycoprotein (Fig. 5B) , indicating that the SU-Fc-mediated block to viral entry was specific for HTLV-1 and that SU-Fc did not affect the entry of viruses that use alternative receptors. Taken together, the results presented above strongly imply that SU-Fc competes with native viral SU protein for binding to a cell surface receptor that fulfills an essential function in envelope-mediated membrane fusion and viral infection. Viral gp46 competes with SU-Fc for cell binding. The ability of SU-Fc to inhibit syncytium formation and viral infection of cells suggests that the SU domain of the fusion protein mediates cell surface binding and that the chimeric protein likely binds to the receptor used by HTLV-1 for entry into human T cells. It was therefore important to determine if binding of SU-Fc to cells could be competitively blocked by native virally expressed envelope protein. Conditioned medium supernatants from HTLV-1-infected MT-2 cells contain significant amounts of virus-associated or free soluble gp46 SU (5, 29) . Since the viral gp46 is relatively dilute, we concentrated MT-2 medium supernatants 30-fold for these experiments. Also, concentrated control supernatants, lacking Vgp46, were prepared from uninfected MolT4 cells. Jurkat cells were incubated in the presence of control medium supernatants that lacked gp46 or with Vgp46 obtained from the supernatants of MT-2 cells. Subsequently, SU-Fc was added and allowed to bind, and the We found that concentrated MT-2 medium supernatants containing Vgp46 potently inhibited binding of the chimeric SU-Fc fusion protein to cells (Fig. 6) . In contrast, control Molt 4 supernatants lacking Vgp46 or control proteins, including recombinant gp120 (2) and purified human IgG, had no effect on the binding of SU-Fc to cells (Fig. 6) . Moreover, immunodepletion of Vgp46 from the MT-2 conditioned medium supernatants abolished the ability of the supernatants to block binding of SU-Fc to target cells. Our findings that SU-Fc binds to HTLV-1-permissive cells, inhibits virally induced syncytium formation, and competes with virally expressed gp46 for cell surface binding strongly suggest that SU-Fc recognizes and binds to the primary cell surface receptor that is employed by HTLV-1 for entry into cells. Thus, SU-Fc displays the immunological and biochemical properties predicted for an HTLV-1-derived SU-immunoadhesin, having the Fc receptor binding characteristics of the Fc domain of human IgG and the receptor-binding characteristics of the HTLV-1 SU.
Murine cells express the HTLV-1 receptor. Having generated a functional SU-immunoadhesin that retains the receptor specificity of HTLV-1 SU, and which is easily detected and purified by virtue of the Fc epitope tag, we wished to use this recombinant protein to examine the distribution of the HTLV-1 receptor among a variety of cells. Previous studies have suggested that some mammalian cell lines, and in particular murine LM(TK Ϫ ) cells, lack the primary receptor recognized by HTLV-1 (17, 43); this conclusion is based upon the observation that such cells do not readily support syncytium formation or entry of virus pseudotyped with the HTLV-1 envelope glycoprotein. Using pseudotyping techniques and murine-human somatic-cell hybrids, a putative primary receptor facilitating envelope-mediated infection of murine cells has been mapped to human chromosome 17 (17, 43) . We therefore examined LM(TK human chromosome 17 (cell lines GM10321 and GM10498) or a fragment of human chromosome 17 (cell line GM10502) also bound SU-Fc to levels that were similar to that of the parental LM(TK Ϫ ) cell line (Fig. 7B) . Importantly, no enhanced binding of SU-Fc to these murine-human chromosome 17 somaticcell hybrids was observed. Similar SU-Fc binding data were obtained for the control murine A-9 (GM00346) and A-9-human chromosome 11 hybrid (GM11941) cell lines (Fig. 7B) . Thus, murine LM(TK Ϫ ) and murine A9 cells express receptors recognized by HTLV-1 envelope, and binding of SU to these cells is not enhanced by the expression of genes on human chromosome 17.
The HTLV-1 receptor is widely expressed. Syncytium formation assays and infection of cells by viral particles pseudotyped with HTLV-1 envelope have been used extensively to monitor the presence of receptors used by HTLV-1 on cells. However, these biological assays, though highly sensitive, represent a relatively indirect method of assessing primary receptor activity. Therefore, we used flow cytometry to directly examine binding of SU-Fc to a variety of human and nonhuman cell types. Cell lines derived from several different animal species were each incubated with SU-Fc or control fractions that lacked the fusion protein. Subsequently, the SU-immunoadhesin that bound to cells was probed using FITC-conjugated anti-Fc sera and detected by flow cytometry (Fig. 8) . As anticipated, HTLV-1-permissive cells, such as the human T-cell line MolT4 ( Fig. 8A and E ) and the rat cell line XC (Fig. 8B) , bound SU-Fc efficiently, as did the vast majority of the cell lines examined (Fig. 8E) . Thus, most of the cell lines examined express a receptor that is recognized by the HTLV-1 SU. In particular, all of the primate and mammalian cell lines tested bound sRgp46. Moreover, the vast majority of cell lines that are positive for SU-Fc binding also form syncytia when cocultured with cells expressing HTLV-1 envelope proteins (30; our unpublished results). Our results demonstrate, by direct cell surface-binding assays, that the HTLV-1 receptor is widely expressed on a diverse array of vertebrate-derived cell lines. These results confirm and extend previously published data secured from biological assays of receptor activity.
Of particular interest, we also examined the binding of SU-Fc to cell lines that do not, or only poorly, support HTLV-1-mediated cell fusion and syncytium formation. As discussed above, murine cells and the cell lines HuH7, MDBK, and MDCK do not readily form syncytia or permit infection by pseudotyped viral particles (30, 49); we therefore examined each of these cell types for SU-Fc binding. In each case, we found that these cell lines, previously reported to be incompetent for HTLV-1-mediated cell fusion, were able to bind SU-Fc to various degrees. Bovine MDBK cells do not undergo syncytium formation, yet these cells bound significant amounts of SU-Fc (Fig. 8C) ; similar results were obtained for the dog and human cell lines MDCK and HuH7, respectively (Fig. 8E) . In addition, we also observed binding of the SU-immunoadhesin to the murine cell lines NIH 3T3, SV3T3, NSO1 and MCF7 (Fig. 8E) . Our data indicate that all of these cell types express a functional cell surface receptor that is recognized by the HTLV-1 SU.
Finally, we examined the ability of SU-Fc to bind to nonmammalian cells. Surprisingly, the Xenopus somatic-cell line XTC bound significant amounts of the SU-immunoadhesin on August 15, 2017 by guest http://jvi.asm.org/ (Fig. 8E) , suggesting that the cell surface antigen recognized by HTLV-1 has counterparts in nonmammalian vertebrates. In contrast, insect cells SF9 (Spodoptera frugiperda) (Fig. 8E) and S2 (D. melanogaster) ( Fig. 8D and E) did not bind SU-Fc to any detectable level. Our results strongly suggest that insect cells do not possess cell surface antigens that are recognized as receptors by HTLV-1.
DISCUSSION
HTLV-1 SU plays a key role in the events that promote viral entry into human cells. SU is directly responsible for recognition of target cells and anchoring of the virion or virus-producing cell to the target cell membrane. By binding to an unknown cell surface receptor, SU brings the viral and target cell membranes into close apposition, orientates the envelope glycoprotein complex into a fusion-competent configuration, and induces conformational changes in the envelope that stimulate the membrane fusion activity of TM. To investigate the envelope-orchestrated events that culminate in viral entry, we have expressed a functional form of SU fused to the Fc domain of human IgG. We have used this recombinant protein to develop direct-binding assays for primary receptor activity and have used these assays to examine a diverse array of cell types for expression of the HTLV-1 receptor.
To generate the SU-Fc fusion, we replaced four carboxylterminal amino acids of gp46, constituting the arginine-rich protease cleavage signal, with the hinge and Fc regions (CH2 and CH3 heavy-chain constant domains) of human IgG. The recombinant fusion protein is secreted from Drosophila cells and accumulates as a soluble product in the conditioned medium of transfected cells. As predicted, the Fc epitope is not removed by cellular proteases during the secretion process but is retained on the mature protein product. The recombinant fusion protein is efficiently glycosylated, retains the protein A-binding properties of IgG, and is recognized by anti-Fc antibodies. Moreover, SU-Fc is expressed as a disulfide-linked homodimer. These observations indicate that the Fc region is appropriately folded and retains the known biochemical properties of the Fc domain of human IgG.
Importantly, the SU-Fc fusion protein is recognized by antigp46 sera and faithfully recapitulates both the known and the predicted properties of the native HTLV-1 SU. In particular, SU-Fc binds to HTLV-1-permissive target cells, such as human T cells, in a dose-dependent manner; and native viral gp46 competes with the SU-Fc fusion protein for cell surface binding. Moreover, exogenous addition of SU-Fc to permissive target cells potently inhibits cell-to-cell fusion and syncytium formation with HTLV-1 envelope-expressing cells. Our results indicate that SU-Fc binds to cells in a manner that disrupts an interaction that is critical to envelope-mediated membrane fusion, and they strongly imply that SU-Fc and viral gp46 compete for binding to a common cell surface receptor. Thus, we have demonstrated that the HTLV-1 SU can accommodate the addition of a relatively large protein domain to the carboxyl terminus of mature SU without loss of receptor-binding specificity. The ability to modify SU in this way may facilitate the development of novel envelope protein chimeras for retargeting or expanding the cellular tropism of viral vectors used in gene therapy protocols. Importantly, our binding and competition data also indicate that amino acid sequences within gp46 are the principal determinants of primary receptor binding activity. Previous studies have suggested that regions of TM interact with cell surface factors that support syncytium formation (34, 38) . However, our data demonstrate that sequences within TM are not required for recognition of target cells by SU and that amino acid sequences contained within SU are both necessary and sufficient for the primary receptor-binding activity of the envelope.
Based on syncytium formation (30) and viral pseudotyping assays (46, 49) , it has been suggested that the receptor for HTLV-1 is expressed on a variety of cell types. We find that this is indeed the case. Using a highly sensitive flow cytometrybased assay, we have directly investigated binding of the HTLV-1 SU-Fc fusion protein to cells and found that the majority of the cell lines examined bound significant amounts of SU-Fc. Significantly, most of the cell lines that bound SU-Fc also support efficient syncytium formation with envelope-expressing cells (30; our unpublished results). Our SU-Fc-binding analysis directly confirms the widespread expression of the HTLV-1 receptor in mammals and further indicates that some nonmammalian vertebrates express a functional homologue of this cell surface antigen. FIG. 6 . Native virally expressed gp46 competes with SU-Fc for binding to T cells. Jurkat cells were incubated with 1 ml of unconditioned fresh medium (Control) or 1 ml of concentrated MolT 4 conditioned medium supernatants lacking Vgp46 (No Env) or with 1 or 0.5 ml of concentrated MT-2 medium supernatants containing 0.4 g of viral gp46 (Vgp46) per ml. Cells were also incubated with 1 ml of concentrated MT-2 medium supernatants from which the Vgp46 had been depleted by passage over an anti-gp46 affinity column (Depl.) or with 1 ml of fresh medium containing 1 g of recombinant gp120 (gp120) per ml or 1 g of purified irrelevant human IgG (IgG) per ml. Subsequently, 0.5 g of SU-Fc was added to each sample, and bound SU-Fc was detected by flow cytometry. The basal mean fluorescence of control cells incubated in the absence of SU-Fc was subtracted from the data presented. Assays were performed in triplicate, and the mean fluorescence and standard deviation are shown.
Although the receptor for HTLV-1 is expressed on cells of diverse origin, some cell types do not support syncytium formation or infection by virus particles pseudotyped with HTLV-1 envelope (17, 30, 43, 49) . The simplest explanation for these results has been that syncytium-resistant cells lack the receptor recognized by HTLV-1. In particular, murine cells do not readily permit infection by HTLV-1 envelope-pseudotyped virus and poorly support envelope-mediated syncytium formation. Using murine-human somatic-cell hybrids, a factor facilitating infection of murine cells by pseudotyped virus was mapped to human chromosome 17 (17, 43) . Using our directbinding assays, we have reexamined murine cells and murinehuman somatic-cell hybrids retaining human chromosome 17 for the expression of a receptor for HTLV-1. Surprisingly, all of the murine cells examined, i.e., LM(TK Ϫ ), A9, NIH 3T3, and MCF7 cells, expressed a cell surface receptor that was capable of binding to the SU-Fc protein. Moreover, we did not observe enhanced binding of our SU fusion protein to murinehuman somatic cell hybrids that retain human chromosome 17. Therefore, it is unlikely that human chromosome 17 encodes a factor that binds directly to the HTLV-1 SU. These data are supported by recent results from improved highly sensitive pseudotyping assays, which reveal that murine cells do, in fact, support low levels of infection by virus particles pseudotyped with HTLV-1 envelope (46) . In addition, murine-human chromosome 17 somatic-cell hybrids did not exhibit improved infection kinetics for HTLV-1 envelope-pseudotyped virus (46) . Thus, while not conclusive, the accumulating evidence does not support the genetic data that map the primary HTLV-1 receptor to a gene on human chromosome 17.
Perhaps the most important finding of our study is that a number of cell lines previously thought to be receptor negative do, in fact, express cell surface factors capable of binding the SU of HTLV-1. Using syncytium formation and virus pseudotyping assays, previous studies have suggested that HUH7, LM(TK Ϫ ), NIH 3T3, MDCK, and MDBK cells lack receptors for HTLV-1 (17, 30, 43, 49) . In particular, the cell lines LM(TK Ϫ ) and MDBK have repeatedly been scored as receptor negative. In our study, association of the SU-immunoadhesin with cells was monitored by a highly sensitive flow cytometry-based direct binding assay. Using this assay, we found that each of the syncytium-resistant mammalian cell lines bound significant amounts of the recombinant HTLV-1 SU. These results indicate that some cell lines express functional receptors for HTLV-1 but are resistant to HTLV-1 envelopemediated membrane fusion and viral entry. Therefore, we suggest that for these receptor-positive nonpermissive cells the blocks to membrane fusion and viral entry occur at a postreceptor-binding step of the entry process.
When monitoring primary-receptor activity, why should there be such a marked difference in the results obtained from direct-binding assays and the biological assays? One possible explanation is that the direct-binding assays are more sensitive. This explanation seems unlikely to us, since many of the recently described biological assays for receptor activity are very sensitive techniques (30, 46, 49) . Instead, we believe that the answer may reside in the assays themselves. Using the biological assays for receptor function, it is not possible to distinguish primary-receptor binding from the other envelope-dependent and -independent events that accompany membrane fusion. For example, cell-to-cell fusion may require the cooperative and supportive activity of nonreceptor host-encoded factors such as cell adhesion molecules (7, 19) . Therefore, cell-to-cell membrane fusion is likely to be highly sensitive to the confounding effects of cell-specific expression of these factors or to cell-specific expression of fusion inhibitors. An interesting precedent for cell-specific blocks to receptor recognition is provided by the cat endogenous virus RD114. Murine cells are resistant to RD114 infection (26) . However, treatment of murine cells with the glycosylation inhibitor tunicamycin renders these cells permissive for RD114 infection (26) . Thus, murine cells express the receptor for RD114 but the use of this receptor for viral entry is blocked by glycosylation. In addition, traditional assays of syncytium formation may not be a good indicator of receptor expression. Previous studies have demonstrated that for HTLV-1, and other retroviruses, envelopedependent cell-to-cell viral transfer may occur efficiently with strains that form only greatly reduced syncytia or even in the absence of overt syncytium formation (9, 51) . Thus, syncytium formation may be an extreme example of virally induced membrane fusion, and cell-to-cell viral transfer may occur without these dramatic effects on cellular morphology. Finally, in the case of free-virus infection of cells, infection may not correlate directly with the level of primary receptor expression. Cell lines may be resistant to infection despite the presence of excess primary receptors on the cell surface, as observed for ecotropic murine retrovirus (50) and, most notably, for HIV (15, 28, 40, 45) . Therefore, resistance to infection may reflect the need for a coreceptor or another host-encoded factor that supports viral entry into cells.
Based on the premise that receptor-negative cell lines may facilitate expression cloning and characterization of the HTLV-1 receptor, considerable effort has been invested in attempts to identify such cells. The data presented here, and supported by other studies, indicate that HTLV-1-receptornegative mammalian cell lines are extremely rare. In fact, we have observed SU-binding activity on a somatic-cell line derived from the amphibian Xenopus laevis. In keeping with these results, other groups have reported receptor activity on cell lines from nonmammalian vertebrates that include reptilian and avian species (44, 46) . The widespread expression of receptors that support binding of recombinant HTLV-1 SU, or infection by envelope-pseudotyped virus, clearly raises questions regarding the nature of the cellular receptor employed by HTLV-1. To date, the accumulating evidence is consistent with the view that the receptor is a cell surface protein, as binding of recombinant SU to cells is a process that is readily saturated, indicating that there are a limited number of binding sites for SU on permissive cells, and protease treatment of target cells blocks envelope-mediated viral infection of cells (49) . If the receptor for HTLV-1 is indeed a surface protein and not, for example, a cell surface polysaccharide component, then the primary sequence of this receptor protein must be highly conserved throughout vertebrate evolution. However, rigid conservation of primary sequence over such an evolutionary distance would be surprising. An alternative view is that gp46 may exhibit considerable functional flexibility, perhaps recognizing a structural motif common to a family of conserved proteins rather than a defined linear amino acid sequence. A precedent for this type of functional plasticity is observed in the case of HIV-1; here some viral strains are able to recognize and use multiple members of the chemokine receptor family for viral entry (13, 45) . If a similar situation existed for the HTLV-1 primary receptor, then the topology of the primary receptor relative to the target cell membrane and to membrane-associated cofactors would determine the functional competence of the receptor for viral entry. Whatever the explanation, it is not yet clear why the receptor for HTLV-1 should be so widespread and why some receptor-positive cells should be resistant to infection. Resolution of these issues must await the definitive identification and characterization of the primary receptor used by HTLV-1.
Finally, we have demonstrated that insect cells do not bind SU-Fc to any detectable level, suggesting that these cells lack the requisite surface-antigens recognized as receptors by the HTLV-1 SU. Therefore, the observed conservation of receptor function does not extend to nonvertebrate metazoans. While significant technical limitations currently hinder their use, receptor-negative insect cells may ultimately be of utility in the characterization of the HTLV-1 receptor. In conclusion, in our study we have expressed a functional SU-immunoadhesin and have used this recombinant protein to show that the HTLV-1 receptor is expressed on a wide range of vertebrate cell types. Most importantly, we have demonstrated that many syncytiumresistant cell lines express functional HTLV-1 receptors. Based on our results, we suggest that there exist postbinding blocks to viral entry in nonpermissive cell lines. Our findings will be of considerable importance in designing new strategies to identify the cellular receptor employed by HTLV-1.
